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I. INTRODUCTION
Confinement of carriers in a semiconductor quantum well leads to the formation of discrete eigenenergy levels and drastic change of electroabsorption spectrum from the smooth function of bulk material to a series of steps. Additionally, the confinement also increases the binding energy of excitons; resulting in exceptionally clear exciton resonance in various quantum-well structures. The linear exciton electroabsorption of the quantum well has been studied experimentally and very large and sharp optical-absorption resonance has been observed.te6 Recently, the study of exciton electroabsorption in quantum-well structures has produced a new class of optoelectronic device with great potential for data processing application. Various information processing system are under development that utilize quantum well p-i-n diode light modulator as a primary component. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The driving force behind these systems is the communication of information on and off the semiconductor chip via a light beam. From the device point of view, the key point for these field-induced switching devices is the capability of modulation of the absorption in the quantum wells by the applied electric field. The quantum confined Stark effect, which generally refers to a shift in the exciton electroabsorption spectrum of a quantum-well device upon the application of an electric field, permits simple electrical control of optical transmission. Because the resulting changes in absorption are large, the modulated light can propagate perpendicularly to the surface of the chip and it is possible to make optical modulators that have desirable electrical properties, operate at room temperature, and show promise of very high speed ' iAuthor to whom correspondence should be addressed.
operation. '"-16 Up to now, the Stark tuning effect has been applied in the related self-electro-optic effect devices (SEEDS)'~,~~ to make optical switches, oscillators, and modulators. The tunable photodetectors based on the intersubband Stark shift have also been demonstrated."
Exciton electroabsorption in conjunction with the Stark shift are the most efficient processes for making optical communication intensity modulators. The most important characteristics pertinent to the performance of these modulators are the field-dependence transition dipole moments and the Stark effect. The Stark shift of a square quantum well has been studied and the resulting shift compared to the peak width is rather small for practical device application.20-22 In order to obtain a large Stark shift at a moderate applied electric field, an increasing amount of interest has been devoted to study more sophisticated quantum-well structures. The coupled quantum well (CQW) structure (shown in Fig. 1 ) consists of a pair of quantum wells separated by a barrier (about 20-30 A) narrow enough that considerable interaction occurs between electronic states in these two adjacent wells. In this way, electrons or holes in each well can interact strongly with each other to achieve a large Stark shift. A very strong Stark effect of both intersubband and interband transitions in this quantum-well structure has been predicted theoreticallyss3-25 and observed experimentally.26-28 This large Stark shift of energy separation, can be used to tune the resonance absorption for the device, which acts like a voltage tunable fllter.2g
Since the CQW structure does give a very large Stark effect and strong field-dependence transition dipole mo-5 ments,. it is a promising candidate for fabricating optical communication intensity modulators. By employing the lattice-matched AlInAs/GaInAs COW, a 1.3 pm modulator using the light-hole-to-electron interband Stark effect is proposed in this article. The operation of this device is based on the first light-hole-to-electron interband absorption resonance. The resonant nature of this process results in a sharp absorption peak when the incident photon energy is equal to the energy-level separation. This device utilizes both the enhanced Stark effect on the electronic state and the strong field-dependence transition dipole moments. Great modulation of optical absorption at 1.3 ,um should be possible for this CQW modulator.
As illustrated in Fig. 1 , when two wells are coupled, the coupling of states at each single quantum well through the narrow barrier causes the splitting of each subband into symmetric and antisymmetric states. Application of an electric field can skew the electrons and holes toward opposite sides of the well (as shown in Fig. 2) , greatly reducing the overlap between these two symmetric envelope wave functions (re-FIG. 2. Electronic potential energy profile for the symmetric CQW structure under the applied electric field of 70 kV/cm. The envelope wave function of EUl shifts to the right-hand-side well and that of the E,, to the left-handside, thus reducing the overlap between these two envelope wave functions.
sulting in an overall net reduction in the transition dipole moment (hllzI eel)). The EUl+Erl transition energy also shifts to lower energies with increasing the applied electric field due to the red interband Stark shift. In this way, a large variation of optical absorption at 1.3 ,um can be achieved by the Stark shift and by varying the overlap between the hole and electron envelope wave functions with an applied electric field for the proposed CQW system. Since the incident optical radiation on the device is either absorbed or transmitted depending on (1) the energy separation between the confinement energies of the electron and that of the hole in the CQW, and (2) the overlap between envelope wave function of eigenenergy ELhl and that of Eel, the desired modulation of 1.3 ,um photon energy can be achieved by adjusting the energy spacing and the transition dipole moment between these two subbands under an appropriate electric field. Based on theoretical calculations, the contrast ratio of 8:l is predicted for the proposed symmetric CQW. This contrast ratio is achieved by varying the applied electric field in the 0 to 70 kVJcm
The symmetric CQW does give a large Stark effect and a strong field-dependence transition dipole moment, however, this symmetric structure has one drawback as a competitive candidate for high contrast ratio of 1.3 ,um modulator due to the field-induced absorption such as ELhl-+Ee2 and f%i~E,, exciton absorption, which is located close to the 1.3 pm spectral region. In practice, the exciton absorption of -&M-+E~z and EL~z-+E~I do limit the minimum attainable absorption in the presence of the applied electric field. As a result, the contrast ratio cannot be improved for the symmetric CQW. For the asymmetric CQW, the energy spacing for the ELhl-Ee2 and ELh2--+Eel transitions can be designed to be much larger than that of the ELhl-Eel transition due to the quantum size effect. In this way, by moving the absorption due to the ELhl-+Ee2 and Em--+E,, transitions away from the 1.3 ,um spectral region, an asymmetric CQW modulator with very high contrast ratio can be obtained. A contrast ratio as high as 2O:l is achieved as the electric field varies from 0 to 70 kV/cm. This article is organized into four sections: In Sec. II, a theoretical basis for the calculations is laid, and in Sec. III graphs from numerical calculations are presented along with discussions.
II. THEORY AND FORMALISM
In this section, the numerical method to evaluate the eigenenergies and the envelope wave functions is described for the CQW structure under the influence of an applied electric field. The results of the derivation are essential to understand the physical properties of electrons and holes in these quantum-well structures and the characteristics of the modulator employing these quantum-well structures.
The CQW generally refers to a structure where a thin barrier layer is sandwiched between two wells. Since this barrier is very thin, there is an appreciable interaction among electronic states in these two wells. Depending on the width difference between these two wells the CQW systems are, divided into two categories: symmetric CQWs (Fig. 1 ) and asymmetric CQWs (Fig. 3) . The conduction-band eigenener- gies of the one-dimensional finite potential well can be found by solving the time-independent Schrijdinger equation,
where U,(z) is the rectangular quantum-well potential for electrons due to the conduction-band discontinuity, rnz is the effective mass of electrons in conduction band, F is the applied electric field, and fi= h/2T, where h is the Plank's constant. E, and fle represent the energy eigenvalue and eigenfunction of the electron in the conduction band. At the AlInAs/GaInAs jnterface the electronic wave function and its first derivative @~lrn~ are assumed to satisfy the continuity condition. In the presence of a static electric field, although there are no bound states in the finite depth quantum well, these still exist some quasibound,states in the well. Here, the staircase approximation of the transfer-matrix formalism is used to calculate the envelope wave functions of the quasibound state of the CQW system under the external electric field.lg The only assumption needed is that the envelope wave function goes to zero at a position far away from the quantum well. The calculation of transition energies in a complete quantum-well system involves calculation of both the valenceand conduction-band eigenenergies. The conduction-band eigenenergies calculation proceeds as described above. However, to insure computational simplicity, several assumptions have been made in modeling the valence band. The heavy and light holes were treated separately and band-mixing effects between the heavy 'and light hole were not included.r>" With these assumptions, the valence band can be solved computationally as if it was a conduction band well under the opposite sign of field (incorporating,appropriate changes in the values of the effective mass' and depth of the quantum-well structure).
The energy for a light-hole exciton absorption can be expressed asr2
Eg;,e,:)=Eg+ELhm+Ee,l-B,
where E, is the energy gap of the GaInAs layer, B is the binding energy of the exciton, and Em and E,, are the mth and n th confinement energies of the hole and electron subbands, respectively. In this article only the perpendicular polarization of the optical signal is considered and the heavy, holes contributed to the exciton absorption are not be considered here. Note that, in the perpendicular polarization, only the light-hole transitions exist because selection rules prohibit any heavy-hole transiti0n.r The variation of E, under a static field is rather small, because it is associated with a modification of the. unit-cell wave function, and can be neglected.*' Conversely the variation of the confinement energies ELhm and E,, result from the modification of the envelope wave functions within the CQW are very sensitive to the applied electric field. Consequently, a large changes in the exciton absorption can be achieved with the applied electric field. The binding energy B is assumed to be 10 meV.r' The absorption coefficient for the band-to-band transition is given by3' a(hw)= X GtEiXkll) -E;(kQ+ hoI> (3) where 7 is the index of the refraction, 6 is polarization vector of the radiation, m, n are the hole and electron subband indexes, and c is the speed of light in vacuum. The optical matrix element is given by Pn,(kll)=(~~(kll)lPI~~(kll)),
where 'I!;(/$ and !I$(k,l) are the hole and electron wave functions. The absorption due to the exciton is then added to the band-to-band absorption. The exciton absorption coefficient is given by3' 4ir2e2h 1
where G,,(k$ is the Fourier transform of the exciton wave function. To account for the broadening mechanisms, the delta functions in Eqs. (3) and (5) 
III. RESULTS AND blSCUSSlONS
The mathematical method, to find the conduction-and valence-band eigenenergies for various CQW structures with applied electric field have been developed in Sec. II. The theories for the absorption coefficient have been also described. Based 'on these theories, numerical results and discussions are presented in this section. All the numerical calculation done in this article is based on the following parameters unless otherwise stated: the central barrier width is 25 A, T= 77 K, and all of the dephasing time r are as- 
A. Symmetric CQW systems
The band diagram and envelope waveOfunctions of a symmetric CQW, consisting of a pair of 50 A Gao.471n0,5& quantum wells separated by an A10~4aIne52As barrier surrounded by Ala.481ne52As outer barrier, without applied electric field, are shown in Fig. 1 . In absence of the applied electric field, the CQW structure has well-defined symmetry and the coupling of states at each single quantum well through narrow barrier causes the splitting of each subband into symmetric and antisymmetric states. For example, the ground-state subband ELhl of the valence band for an isolated quantum well splits into ELhl (symmetric state) and ELhZ (antisymmetric state) for CQW. The relation of the light-hole exciton transition energy ELhm+Een as a function of the applied electric field for the symmetric CQW (solid line) and an Ab,~aIno.52As/Ga,,Ino.53As single quantum well with a width of 54 A (dashed line) are shown in Fig. 4 . The positive direction of the applied electric ,field is defined as from left-to right-hand side (i.e., positive .a direction). As expected, a large variation of exciton transition energies arises due to the application of an electric field. Thus, the symmetric CQWs do have a large Stark effect as compared to the small Stark shifts of the single-quantum-well structure (dashed line). The eigenenergies and the envelope wave .functions of the symmetric CQW under an applied electric field of 70 kV/cm are shown in Fig. 2 . By comparing the eigenenergies on Fig. 1 to that of Fig. 2 , the advantage of-the coupled effect of -the symmetric. CQW becomes evident. Note that the symmetric and antisymmetric states show opposite shifting trends when an externa1 field is applied. It is clear that the electric field perpendicular to the CQW pulls the electrons and hole toward the opposite side of the well resulting in an overall net reduction (increase) in the exciton transition Eul--+Eel (E Lh2-+Ee2) and a corresponding Stark shift in the exciton absorption. The relation of the heavy-hole exciton transition energy ErniEen as a function of the applied electric field for the symmetric CQW. and a single quantum well are also shown in Fig. 5 for comparison. Similar results of the field-induced shift in heavy-hole exciton transition energies should also be expected in CQWs. Thus, the symmetric CQWs do give an enhanced Stark effect.
The absorption coefficient can be evaluated by using Eqs. (3) and (5). The exciton absorption spectrum for the symmetric CQW at F = 0 (solid line) and F = 70 kV/cm (dashed line) is shown in Fig. 6 . Here, only the light-hole exciton absorption (Eti-+E ,,) is plotted. It is evident that * the absorption coefficient for the first exciton transition ELhl+Eel drops sharply from F =0 to 70 kV/cm due to the reduction of the overlap between envelope wave functions of these eigenenergy states. The resulting relation between the transition dipole moment and the applied electric field for the ELhl-+Eel transition in symmetric CQW and in single quantum well is shown in Fig. 7 . As can be seen that the transition dipole moment for the CQW decreases sharply as the applied electric field is mcreased.'From Figs. 1 and 2, it is clear that the envelope wave functions of the E,, and that of the E,, tend to shift oppositely in the presence of an applied electric field and a lower transition dipole moment is expected due to the decrease of overlap between envelope wave functions. As a result, a lower absorption coefficient is expected for CQW under the higher electric field. 'As for the single quantum well, the dipole moment is almost unchanged in the presence of the applied electric field. Notice that the dipole moment element can be more sensitive to the applied electric field for the single quantum well with a larger well width; however, the field-dependent transition dipole moment is much weaker as compared to that of the CQW structures. From Fig. 6 it is evident that the peak absorption of the Eul-+Eel is shifted to longer wavelength as the applied electric field is increased. The shift in the exciton absorption can be understand in terms of the Stark shift in the confinement energies of ELhl and E,,. The symmetric CQW does give a large Stark effect and the strong field dependent transition dipole moment. The contrast ratio of 8:l is predicted for the symmetric CQW modulator. This contrast ratio is achieved as the applied electric field is changed from 0 to 70 kV/cm.
B. Asymmetric CQW systems
Although the symmetric CQW has both the large Stark shift and the strong field-dependent transition dipole moment, still its contrast ratio cannot be improved very much beyond 8:l. This relatively low contrast' ratio hinders the symmetric CQW as a competitive candidate for highcontrast-ratio 1.3 ,um modulator application. This drawback is due to the absorption of those field-induced transitions such as Eul-+EsZ and ELhZ--+Ecl. For symmetric CQW, absorption peaks due to these transitions locate rather close to the 1.3 ,um spectral region. Although these transitions are forbidden in the absence of the applied electric field because the dipole moment elements <~,~z/~~,) and (&.&IJ+~~,) vanish for, the symmetric system, still these transition can be activated by breaking the symmetric property with an applied electric field. It is clear from Fig. 6 that the absorption of ELhl-+Ee2 and ELhZ+Eel dominate the absorption spectrum at F =70 kV/cm and do in practice limit the minimum attainable absorption in the presence of the applied electric field. As a result, the contrast ratio cannot be improved very much with this symmetric CQW structure. In contrast, the asymmetric CQW (as shown in Fig. 3 ) can be designed to give a very large contrast ratio by forcing the energy spacing of both the ELhldEe2 and ELhZ+EeI transitions much larger than that of the ELhl+Eel transition. For the asymmetric CQW, the eigenenergy of the ground-state subband of the whole CQW is roughly equal to the .eigenenergy of the ground-state subband of the wide well and the eigenenergy of the first-excited-state subband of the whole CQW is approximately equal to the eigenenergy of the ground-state subband of the narrow well. By choosing an appropriate width of the narrow well, the energy spacing of both the E~hl-+Ee2 and ELM-E,, transitions can be made much larger than that of the Eul--+Eel transition due to the quanmm size effect. In this way, the absorption due to Eul+Ee. and -%i,z4~e 1 transitions are removed from the 1.3 w spectral region and an asymmetric CQW modulator. with high contrast ratio can be designed.
The exciton absorption spectra for the asymmetric CQW at F= 0 (solid line) and F = 70 kV/cm (dashed line) are shown in Fig: 8 . From this result, it can be seen that the modulation depth of optical switching devices based on the quantum-confined Stark effect can be enhanced by using an asymmetric CQW structure. The contrast ratio as high as 2O:l can be achieved as the electric field varies from 0 to 70 kV/cm. Moreover, by adjusting the width of each well and barrier more flexibility of device engineering may be achieved.
IV. CONCLUSIONS
Conventional multi-quantum-well structures show a weak field-dependent transition dipole moment of the exci-ton transition and no evidence of the Stark shift. Thus, it is not a promising candidate for optical communication intensity modulators with high contrast ratio: Coupled quantum wells with a large Stark effect and strong field-dependent transition dipole moment can be used to fabricate a modulator with a greater modulation depth. The 1.3 ,um AlbrAs/ GaInAs symmetric CQW and asymmetric CQW modulators with cpntrast ratio of 8:l and 20:1, respectively, have been proposed in this article. These devices utilize the significant enhancement of the Stark effect and strong field-dependent transition dipole moment. A large variation of optical absorption at 1.3 ,um under an applied electric field can be obtained for these CQW structures. These CQW mod$ators are ideal for the optical communication intensity modulators. By using a smaller energy band-gap material, such as strained AIInAs/GaxInl~,As with x(0.47 grown on an InP substrate, a modulator for the application in long-distance 1.55 pm fiber communication can also be designed.
